Silent, generic and plant kairomone sensitive odorant receptors from the Southern house mosquito  by Xu, Pingxi et al.
Journal of Insect Physiology 59 (2013) 961–966Contents lists available at ScienceDirect
Journal of Insect Physiology
journal homepage: www.elsevier .com/ locate/ j insphysSilent, generic and plant kairomone sensitive odorant receptors
from the Southern house mosquito0022-1910  2013 The Authors. Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.jinsphys.2013.07.004
⇑ Corresponding author. Tel.: +1 530 752 7755; fax: +1 530 752 1537.
E-mail address: wsleal@ucdavis.edu (W.S. Leal).
Open access under CC BY-NC-ND license.Pingxi Xu a, Young-Moo Choo a, Julien Pelletier a, Fernando R. Sujimoto a, David T. Hughes b, Fen Zhu a,
Elizabeth Atungulu a, Anthony J. Cornel c, Charles W. Luetje b, Walter S. Leal a,⇑
aDepartment of Molecular and Cellular Biology, University of California, Davis, CA 95616, USA
bDepartment of Molecular and Cellular Pharmacology, University of Miami Miller School of Medicine, Miami, FL, USA
cDepartment of Entomology and Namatology, Mosquito Control Research Laboratory, Kearney Agricultural Center, 9240 S. Riverbend Ave., Parlier, CA 93648, USA
a r t i c l e i n f oArticle history:
Received 14 May 2013
Received in revised form 24 June 2013
Accepted 12 July 2013
Available online 19 July 2013
Keywords:
Culex quinquefasciatus
CquiOR21
CquiOR121
CquiOR1
CquiOR44
CquiOR73
CquiOR161a b s t r a c t
The Southern house mosquito Culex quinquefasciatus has the largest repertoire of odorant receptors (ORs)
of all mosquitoes and dipteran species whose genomes have been sequenced to date. Previously, we have
identiﬁed and de-orphanized two ORs expressed in female antennae, CquiOR2 and CquiOR10, which are
sensitive to oviposition attractants. In view of a new nomenclature for the Culex genome (VectorBase) we
renamed these ORs as CquiOR21 (formerly CquiOR10) and CquiOR121 (CquiOR2). In addition, we selected
ORs from six different phylogenetic groups for deorphanization. We cloned four of them by using cDNA
from female antennae as a template. Attempts to clone CquiOR87 and CquiOR110 were unsuccessful
either because they are pseudogenes or are not expressed in adult female antennae, the main olfactory
tissue. By contrast, CquiOR1, CquiOR44, CquiOR73, and CquiOR161 were highly expressed in
female antennae. To de-orphanize these ORs, we employed the Xenopus oocyte recording system.
CquiORx–CquiOrco-expressed oocytes were challenged with a panel of 90 compounds, including known
oviposition attractants, human and vertebrate host odorants, plant kairomones, and naturally occurring
repellents. While CquiOR161 did not respond to any test compound in two different laboratories,
CquiOR1 showed the features of a generic OR, with strong responses to 1-octen-3-ol and other ligands.
CquiOR44 and CquiOR73 showed preference to plant-derived terpenoids and phenolic compounds,
respectively. While fenchone was the best ligand for the former, 3,5-dimethylphenol elicited the
strongest responses in the latter. The newly de-orphanized ORs may be involved in reception of plant
kairomones and/or natural repellents.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
The Southern house mosquito, Culex quinquefasciatus Say, has
the largest repertoire of odorant receptors (ORs) of all dipteran
species whose genomes have been hitherto sequenced (Arensburg-
er et al., 2010) and may possess one of the most, if not the most,
acute olfactory system in mosquitoes for the reception of host-de-
rived compounds, such as nonanal (Syed and Leal, 2009). Several
species of Culex, including Cx. quinquefasciatus, blood feed on birds
and humans and serve as bridge vectors of West Nile virus in the
United States (Andreadis, 2012). Throughout the world, Culexmos-
quitoes are pathogen vectors for human diseases, including ﬁlaria-
sis and various types of encephalitis. Understanding how theyperceive the world through small, signal-carrying molecules
(semiochemicals) may lead us to discover novel repellents for
reducing bites and disease transmission as well as ‘‘green chemi-
cals’’ for monitoring and controlling mosquito populations. Only
two Culex ORs have been de-orphanized (Hughes et al., 2010; Pelle-
tier et al., 2010) to date. Our initial approach was based on the
identiﬁcation of ORs in the Culex genome that share high amino
acid identity with orthologs from the malaria mosquito, Anopheles
gambiae. We have demonstrated that these ORs were sensitive to
compounds known to be oviposition attractants for Culex mosqui-
toes (Blackwell et al., 1993; Leal et al., 2008; Mboera et al., 2000;
Millar et al., 1992). This approach has limitations as orthologs
may be involved only in the detection of common ligands, and
the chemical ecology of the malaria and the Southern house mos-
quitoes differ. For the current study we selected putative Cx. quin-
quefasciatus ORs from six phylogenetic groups, ﬁve of which with
no An. gambiae orthologs. Following cloning, quantitative PCR anal-
ysis was performed to conﬁrm expression in female antennae, and
then the ORs were co-expressed with the obligatory co-receptor
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have identiﬁed one OR that responds to multiple compounds and
another that did not respond to any compound tested, in addition
to an OR displaying stronger responses to plant-derived, natural
mosquito repellents, and another sensitive to phenolic compounds,
particularly eugenol.2. Materials and methods
2.1. Phylogenetic analysis of mosquito ORs
Amino acid sequences of mosquito ORs were combined to cre-
ate an entry ﬁle for phylogenetic analysis in Mega 5.05 (Tamura
et al., 2011). An unrooted consensus neighbor joining tree was cal-
culated at default settings with pairwise gap deletions. Branch sup-
port was assessed by bootstrap analysis based on 1000 replicates.
Seventy-six An. gambiae, 99 Aedes c and 130 Cx. quinquefasciatus
ORs were included in this analysis. Sequence alignments were
performed with ClustalW2 (http://www.ebi.ac.uk/Tools/msa/
clustalw2/). Sequences available in databases were screened for
full-length functional ORs based onmultiple alignments and predic-
tion of transmembranes. Partial sequences, truncated sequences,
and pseudogenes, based on current OR genes annotations, were
omitted (AgamOR81; AaegOR6, 12, 18, 22, 29, 32, 35, 38, 39, 51,
54, 57, 64, 68, 73, 77, 82, 83, 86, 91, 97, 108, 112, 116, 118, 120,
126, 127, 128, 129, 130, 131; CquiOR3, 8, 9, 15, 17, 19, 26, 31, 33,
34, 35, 41, 49, 59, 66, 74, 76, 94, 100, 101, 102, 103, 104, 105, 111,
119, 124, 125, 129, 133, 134, 135, 138, 139, 140, 144, 147, 152,
158, 159, 160, 167, 168, 170, 172, 174, 176, 177, 178, 179, 180).2.2. Insects
Cx. quinquefasciatus mosquitoes used in this study were from a
laboratory colony maintained at UC Davis. This colony was initi-
ated with adult mosquitoes from a colony maintained by A.J.C. at
the Kearney Agricultural Center, University of California, and
started from mosquitoes collected in Merced, CA in the 1950s. In
Davis, mosquitoes were kept in an insectary at 27 ± 1 C, under a
photoperiod of 16:8 h (L:D) for the last 3 years.2.3. Cloning of OR genes from Cx. quinquefasciatus.
Total RNA was extracted from one thousand 1–5-day-old fe-
male Cx. quinquefasciatus antennae with TRIzol reagent (Invitrogen,
Carlsbad, CA). Antennal cDNA was synthesized from 1 lg of anten-
nal total RNA using SMARTer™ RACE cDNA ampliﬁcation kit
according to manufacturer’s instructions (Clontech, Mountain
View, CA). To clone their ORFs into pGEMHE vector, PCR was per-
formed with the following gene speciﬁc primers with restriction
endonuclease sites (nucleotides upstream of the restriction sites
were omitted for brevity): CquiOR1 Fwd-XmaI (underlined) primer
50-CCCGGGATGAAATTCGCTCCGCTCCAG-30 and Rev-XbaI (under-
lined) primer, 50-TCTAGATCAGATTCTTTCCTTCAGCAC-30;
CquiOR44 Fwd-XmaI (underlined) primer, 50-CCCGGGGGGAAT
GGACACCTGTGCGCATCAG-30 and Rev-HindIII (underlined) primer,
50-AAGCTTGGGTTATTTCGTCACCTCGAGCAG-30;
CquiOR73 Fwd-XmaI (underlined) primer, 50-CCCGGGACC
ATGTCGTCCATCAACCTTCCAT-30 and Rev-HindIII (underlined) pri-
mer, 50-AAGCTTGCTCTAGA TCATTCCTCTGCGTAGAGCTGTTG-30;
CquiOR87 Fwd-XmaI (underlined) primer, 50-CCCGGGGGGAAT-
GAATGACAGTTACAATGTTG-30 and Rev-XbaI (underlined) primer,
50-TCTAGAGCCTACATTTTGCTCCCCATC-30; CquiOR110 Fwd (1)-
XmaI (underlined) primer, 50-CCCGGGGGGAATGGGAATTACCTG-
TAGTTG-30, Rev (1)-XbaI (underlined) primer, 50-TCTAGAGCTTACTCAAACACGCTGAG-30; CquiOR110 Fwd (2)-XmaI (underlined) pri-
mer, 50-CCCGGGGGGAATGGACTTGAGCTTCATGTTG-30, Rev (2)-
XbaI (underlined) primer, 50-TCTAGAGCTTAATGTCCCCACGGTA
GAAC-30;and CquiOR161 Fwd-XmaI (underlined) primer, 50-
CCCGGGGATGGCCAACCGAAGAAAGCTC-30 and Rev-HindIII (under-
lined) primer, 50-AAGCTTTTAC ATATTTTGCAACATCAT-30.
PCR ampliﬁcations were performed using Pfu Ultra II polymer-
ase (Stratagene, La Jolla, CA) under the following condition: 5 cy-
cles of 94 C for 30 s, 57 C for 30 s, 72 C for 3 min, and 30 cycles
of 94 C for 30 s, 55 C for 30 s, 72 C for 3 min, and then 72 C
for 10 min. PCR products were puriﬁed using QIAquick Gel Extrac-
tion kit (Qiagen, Valencia, CA), ligated into EcoRV site of pBluescript
SK (+) (Stratagene) using T4 DNA ligase (Promega, Madison, WI)
and transformed using One Shot TOP 10 competent cells (Invitro-
gen, Carlsbad, CA). After screening colonies, plasmids were ex-
tracted using the QIAprep Spin Miniprep kit (Qiagen) and
sequenced by ABI 3730 automated DNA sequencer at Davis
Sequencing (Davis, CA). Plasmids were digested with appropriate
restriction enzymes (20 U/ll) for 2 h at 37 C. Digested products
were puriﬁed using QIAquick Gel Extraction kit (Qiagen), ligated
into pGEMHE, and transformed using One Shot TOP 10 competent
cells (Invitrogen). Plasmids were extracted using the QIAprep Spin
Miniprep kit (Qiagen) and sequenced by ABI 3730 automated DNA
sequencer at Davis Sequencing (Davis, CA) for conﬁrmation.
2.4. Quantitative analysis of OR gene expression (qPCR)
Antennae from 3 to 5 day old 100 female and 100 male Cx. quin-
quefasciatusweredissectedand collected inDEPC-wateron iceusing
a stereomicroscope (Zeiss, StemiDR1663,Germany). Total RNAwas
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). cDNAwas
synthesized from 0.5 lg of total RNA using RT-for-PCR kit according
to the manufacturer’s instructions (Clontech, Mountain View, CA).
Real-time quantitative PCR (qPCR) was carried out by using a
CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad, Hercu-
les, CA) and SsoAdvanced SYBR Green Supermix (Bio-Rad, Hercules,
CA): ﬁnal volume 20 ll, including 200 nM gene speciﬁc primers and
approximately 50 ng of cDNA. CquiRpS7 genewas used as reference.
Primers were designed by Primer 3 program (http://frod-
o.wi.mit.edu/) and IDT online server (http://www.idtdna.com/sci-
tools/Applications/RealTimePCR/). CquiOR1 forward and reverse;
50-TCCGGAAAGGAAGATCATTG-30 and 50-CGTTACAAACTCGGGAC
GAT-30; CquiOR44 forward and reverse; 50-AGTGGCACAGTGA
GATGCAG-30 and 50-CACCTCGAGCAGA AACATCA-30; CquiOR73 for-
ward and reverse; 50-CTGGGTATGCTGAGGAACTTC-30 and 50-
GCAGCCAGATCCAAAAGTTG-30; CquiOR161 forward and reverse;
50-GTCCAGAGCTGGATCCTCAG-30 and 50-AGCGAAAAGGCAAAGTT
GAA-30; CquiRpS7 forward and reverse; 50-ATCCTGGAGCTGGAGAT
GA-30 and 50-GATGACGATGGCCT TCTTGT-30. Reactions were run
with the following standard program: 95 C for 30 s, 39 cycles of
95 C for 5 s, 55 C for 10 s, 72 C for 30 s, melt curve of 65 to 95 C,
increment 0.5 C, 5 s. Data were analyzed using the 2DDCT method
using Bio-Rad CFX Manager 2.1 software.
2.5. In vitro transcription, oocyte microinjection and electrophysiology
In vitro transcription of cRNAs was performed by using a
mMESSAGE mMACHINE T7 kit (Ambion) according to the manu-
facturer’s protocol. Brieﬂy, plasmids were linearized with NheI or
SphI, and capped cRNAs were transcribed using T7 RNA polymer-
ase. The cRNAs were puriﬁed with LiCl precipitation solution and
re-suspended in nuclease-free water at a concentration of
200 lg/ml and stored at 80 C in aliquots. RNA concentrations
were determined by UV spectrophotometry. cRNA were microin-
jected (2 ng of CquiORX cRNA and 2 ng of CquiOrco cRNA) into
stage V or VI Xenopus laevis oocytes (EcoCyte Bioscience, Austin
TX). The oocytes were then incubated at 18 C for 3–7 days in mod-
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MgSO4, 0.33 Ca(NO3)2, 0.41 CaCl2, 10 HEPES, pH 7.4] supplemented
with 10 lg/ml of gentamycin, 10 lg/ml of streptomycin and
1.8 mM sodium pyruvate. The two-electrode voltage clamp (TEVC)
was employed to detect inward currents. Oocytes were placed in
perfusion chamber and challenged with a panel of 90 compounds
in a random order (ﬂow rate was 10 ml/min). Chemical-induced
currents were ampliﬁed with an OC-725C ampliﬁer (Warner
Instruments, Hamden, CT), voltage held at 70 mV, low-pass ﬁl-
tered at 50 Hz and digitized at 1 kHz. Data acquisition and analysis
were carried out with Digidata 1440A and software pCLAMP 10
(Molecular Devices, LLC, Sunnyvale, CA).2.6. Panel of odorants
Oocytes expressing test ORs were challenged with a panel of
90 compounds, including known mosquito oviposition attrac-
tants, plant and vertebrate host kairomones, and natural repel-
lents: 1-hexanol, 1-octanol, (E)-2-hexen-1-ol, (Z)-2-hexen-1-ol,
1-hexen-3-ol, 1-heptene-3-ol, 3-octanol, 1-octen-3-ol (Kline
et al., 1990), 3-octyn-1-ol, 1-octyn-3-ol, 1-nonanol, 1-hexadeca-
nol, 2-phenoxyethanol, 2,3-butanediol, ethyl acetate, propyl ace-
tate, butyl acetate, pentyl acetate, hexyl acetate, octyl acetate,
decyl acetate, (E)-2-hexenyl acetate, (Z)-3-hexenyl acetate, ethyl
lactate, methyl propionate, ethyl propionate, methyl butyrate,
ethyl 3-hydroxyhexanoate, methyl salicylate, 2-heptanone, 2-
nonanone, 2-undecanone, cyclohexanone, acetophenone, 6-
methyl-5-hepten-2-one (Birkett et al., 2004; Logan et al., 2009,
2010), 2-butoxylacetone, 2-tridecanone, 2,3-butanedione, ethyl
stearate, methyl myristate, c-valerolactone, c-hexalactone, c-oct-
alactone, c-decalactone, (5R,6S)-6-acetoxy-5-hexadecanolide
(MOP) (Laurence and Pickett, 1982), 2-undecanone, propanal,
pentanal, hexanal, heptanal, octanal, nonanal (Leal et al., 2008;
Syed and Leal, 2009), decanal, undecanal, phenylacetaldehyde,
furfural, trans-2-methyl-2-butenal, benzaldehyde, phenol, 2-
methylphenol, 3-methylphenol, 4-methylphenol, 4-ethylphenol,
3,5-dimethylphenol, 2,3-dimethylphenol, 2-methoxy-4-propyl-
phenol, guaiacol, indole, 3-methylindole (=skatole) (Blackwell
et al., 1993; Leal et al., 2008; Millar et al., 1992; Olagbemiro
et al., 2004), butylamine, heptylamine, octylamine, trimethyla-
mine (Leal et al., 2008), nonanoic acid, (±)-lactic acid, geraniol,
nerol, geranylacetone (Logan et al., 2009, 2010), trans-p-men-
thane-3,8-diol, cis-p-menthane-3,8-diol (Paluch et al., 2010),
geranyl acetate, (±)-linalool (Choi et al., 2002), ()-fenchone,
(+)-fenchone, (±)-thujone, linalool oxide, (±)-eucalyptol, eugenol
(Kaﬂe and Shih, 2013), and (±)-citronellal (Paluch et al., 2010).3. Results and discussion
3.1. Reconciling Culex OR nomenclature
Prior to publication of the Cx. quinquefasciatus genome (Arens-
burger et al., 2010), we identiﬁed and de-orphanized two ORs from
the Southern house mosquito. We named them CquiOR2 (Pelletier
et al., 2010) and CquiOR10 (Hughes et al., 2010) based on shared
high amino acid identity with AgamOR2/AaegOR2 and
AgamOR10/AaegOR10 from the mosquitoes An. gambiae and Aedes
(Stegomyia) aegypti, respectively. RT-PCR analysis showed that
CquiOR2 and CquiOR10 genes are expressed exclusively in olfactory
tissues. While neither was detected in non-olfactory tissues from
adult females, CquiOR2 was expressed only in antennae, whereas
CquiOR10 was expressed mainly in antennae and secondarily in
maxillary palps (Pelletier et al., 2010). We then demonstrated with
the Xenopus oocyte recording system that CquiOR2 responded to
various compounds with indole being the best ligand (Pelletieret al., 2010), whereas CquiOR10 was narrowly tuned to the oviposi-
tion attractant skatole (Hughes et al., 2010). CquiOR2 and CquiOR10
shared high amino acid identity with two annotated ORs in the gen-
ome of Cx. quinquefasciatus: CquiOR121 (VectorBase, CPIJ802644;
formerly CPIJ014392) and CquiOR21 (VectorBase, CPIJ801844; for-
merly CPIJ002479; previously named CqOR2 in VectorBase),
respectively. CquiOR2 and CquiOR121 differ in 4 residues, Glu- vs
Gln-89, Phe- vs Val-171, Lys- vs Glu-235, and Asp- vs Glu-301. They
may be isoforms caused by single nucleotide polymorphism (SNPs)
differences. Cx. quinquefasciatus and related Culex pipiens complex
mosquitoes have a very high densities of SNPs, in fact more than
any other mosquito thus far studied (Lee et al., 2012). It is worth
mentioning that the genomewas sequenced from the Johannesburg
strain (Arensburger et al., 2010), whereas we cloned the genes
(Hughes et al., 2010; Pelletier et al., 2010) using cDNA template
from a California strain. CquiOR21 is one residue shorter than Cqu-
iOR10 and these proteins differ in two residues: Ala-345 followed
by Ile-346 in CquiOR21 and Ile-345-Thr-Val-347 in CquiOR10
(Hughes et al., 2010). The ‘‘skipped’’ threonine (Thr-346) residue
could be an error of annotation given that Ile-346 in CquiOR21
(VectorBase) overlaps with an intron splice site, whereas the other
differences could be due to polymorphism, including one possible
SNP (Val-347 vs Ile-346). In summary, we assume that CquiOR121
and CquiOR21 in VectorBase are isoforms of CquiOR2 (GenBank,
ADF42901) and CquiOR10 (ADF42902), respectively. They might
be alleles from the same genes from different populations. Thus,
we wish to reconcile these discrepancies in the Culex OR nomencla-
ture by renaming our previously identiﬁed CquiORs as CquiOR121
(=CquiOR2) and CquiOR21 (=CquiOR10).3.2. Current phylogenetic relationship of mosquito ORs
We have revised our previous phylogenetic analysis of mos-
quito ORs (Pelletier et al., 2010) in view of the annotation of the Cu-
lex genome (Arensburger et al., 2010), the update to Cx.
quinquefasciatus gene sets (VectorBase), corrections of annotation
mistakes (Pitts et al., 2011) and identiﬁcation of pseudogenes.
With these corrections, our estimate of 158 (Pelletier et al., 2010)
and a later report of 180 putative OR genes (Arensburger et al.,
2010) are now updated to 130 putative OR genes in the Cx. quin-
quefasciatus genome, whereas Ae. aegypti has 99 putative OR genes
and An. gambiae 76 ORs. Despite signiﬁcant reduction, Culex has
still the largest repertoire of ORs of all dipteran species examined
to date, as was previously suggested (Arensburger et al., 2010).
The observed Culex/Aedes and Aedes/Culex speciﬁc expansions
(Pelletier et al., 2010) remain valid, as does the Anopheles speciﬁc
expansion (Fig. 2). In an attempt to identify Culex ORs, we selected
6 putative ORs, ﬁve of which with no An. gambiae orthologs and
two from these Culex–Aedes expansions, to clone and de-orphanize.3.3. Cloning of CquiOR genes and quantitative analysis
Previously we identiﬁed two CquiOR genes, CquiOR21 and Cqu-
iOR121 (Fig. 1, bottom of the ﬁgure). We used the odorant response
proﬁles of An. gambiae ORs (Carey et al., 2010; Wang et al., 2010) to
lead us to orthologous ORs in the genome of Cx. quinquefasciatus.
Here, we attempted a different approach, i.e., by selecting 6 ORs
in the phylogenetic tree, 5 of them with no An. gambiae orthologs.
Starting from the left of the tree (Fig. 1), they are: CquiOR44
(=CPIJ802556), CquiOR87 (=CPIJ802589), CquiOR110
(=CPIJ802608), CquiOR1 (=CPIJ802517), CquiOR73 (=CPIJ802564),
and CquiOR161 (=CPIJ802651). Attempts to clone CquiOR87 and
CquiOR110 were unrewarding thus suggesting that these genes
are not expressed in adult female antennae. We successfully cloned
the other genes and their sequences have been deposited in Gen-
Fig. 1. Phylogenetic relationships of mosquito ORs. Cx. quinquefasciatus ORs are in black, An. gambiae ORs are in blue and Ae. aegypti ORs are in red. Black and white circles
indicate bootstrap values at speciﬁc nodes (black: 94–100%; white: 79–93%).
Fig. 2. Quantitative PCR data. Comparison of expression of CquiOR1 (red bars), CquiOR44 (blue), CquiOR73 (green), and CquiOR161 (black) transcripts in female and male
antennae. Data normalized to the expression of CquiRpS7. N = 3.
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KF032023; CquiOR161, KF032025).
Quantitative PCR (qPCR) analysis showed that, not surpris-
ingly, CquiOR1, CquiOR44, CquiOR73, and CquiOR161 were more
highly expressed in female antennae (Fig. 2), but our analyseswere not designed to quantify their expression levels. Thus, we
proceeded to de-orphanize the newly cloned ORs with a panel
of 90 compounds, including oviposition attractants, plant-derived
kairomones, repellents from natural sources, and mosquito
attractants.
Fig. 4. Quantiﬁcation of current responses of oocytes expressing Culex ORs. CquiOR1 (red bars), CquiOR44 (blue), and CquiOR73 (green). Mean ± SEM, N = 3–5
Fig. 3. Electrophysiological recordings from oocytes expressing candidate CquiORs along with co-receptor CquiOrco. Traces obtained with oocytes expressing CquiOR1 (red),
CquiOR44 (blue), CquiOR73 (green), and CquiOR161 (black). CquiOR 1 and CquiOR44 behave like generic ORs, although CquiOR44 is more tuned to terpenoid compounds,
particularly fenchone.
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We subcloned CquiOR1, CquiOR44, CquiOR73, and CquiOR161
into pGEMHE, expressed them along with the obligatory co-receptor
CquiOrco in Xenopus oocytes, and then performed electrophysiolog-
ical recordings by subjecting oocytes to our panel of test compounds.
CquiOR1CquiOrco-expressing oocytes behaved like a generic OR
(Fig. 3), i.e., an OR that does not have a speciﬁc ligand, but responds
to multiple compounds. Albeit responses were small in general,
the strongest current amplitudes were recorded when CquiOR1
was challenged with 1-hexanol, 1-octen-3-ol, 2-phenoxyethanol,
or benzaldehyde (Fig. 3, Fig. 4). Likewise, CquiOR44 was activatedby multiple odorants at low level, but interestingly the strongest
responses were recorded when CquiOR44CquiOrco-expressing oo-
cytes were challenged with plant kairomones (Fig. 3), including
known natural repellents like p-menthane-3,8-diol (Paluch et al.,
2010) and eucalyptol (Omolo et al., 2004). The most active ligand
was fenchone (Fig. 4), but there was apparently no chiral discrim-
ination as responses to (+)- and ()-fenchone did not differ.
When challenged with the same panel of compounds Cqu-
iOR73CquiOrco-expressing oocytes responded differently. Robust
responses were seen with eugenol, smaller responses to phenolic
compounds, particularly 4-methylphenol (Fig. 4), and no signiﬁ-
cant response to the majority of compounds in the panel, except
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on phenolic compounds, including dimethylphenols (Fig. 4). These
experiments showed strong responses elicited by 3,5-dimethyl-
phenol (Fig. 3), stronger than those generated by other phenolic
compounds, including methylphenols, but eugenol was the best li-
gand identiﬁed for this OR (Fig. 4). Based on these experiments we
concluded that CquiOR73 is an eugenol-detecting OR, but the sig-
niﬁcance of a receptor tuned to phenolic compounds remains an
interesting topic for future research. It did not escape our attention,
however, that eugenol has been identiﬁed as a plant-derived insect
repellent (Kaﬂe and Shih, 2013).
Lastly, we attempted to de-orphanize CquiOR161, but in marked
contrast to the above-mentioned ORs, it did not respond to any of
the test compounds. Despite several attempts at the UC Davis lab-
oratory, CquiOR161 remained silent. We then re-tested this OR in
the UM laboratory with a panel of compounds, which, in addition
to the compounds already tested at UC Davis, had the following
compounds: 1-methylindole, 2-methylindole, 4-methylindole, 5-
methylindole, 6-methylindole, 7-methylindole, 3-octanone, 2-tri-
decanone, 1-dodecanol, 4-propylbenzaldehyde, methyl benzoate,
2-ethoxythiazole, 2-isobutylthiazole, (+)-carvone, isoamylacetate,
heptanoic acid, octanoic acid, decanoic acid, undecanoic acid, 2-
acetylthiophene, and 2-butoxyethanol. None of these ligands acti-
vated CquiOR161CquiOrco-expressing oocytes. As a positive con-
trol, CquiOR1CquiOrco-expressing oocytes in the UM laboratory
gave medium to large responses when challenged with indole, 4-
ethylphenol, 4-methylphenol, phenol, acetophenone, benzalde-
hyde, and 6-methyl-5-hepten-2-one. Although we cannot rule out
the possibility that we did not challenge CquiOR161 with the right
ligand, this seems unlikely as in both labs we subjected oocytes
expressing the receptor to all currently known odorants with phys-
iological and/or ecological signiﬁcance in Culex mosquitoes.
In conclusion, we have cloned four ORs, which are enriched in
female mosquito antennae. Despite several attempts, one of them,
CquiOR161, was silent as it did not respond to any of ligands
tested. By contrast, CquiOR1 showed behavior of a generalist OR
as it responded to various compounds, including alcohols and ke-
tones of biological signiﬁcance. Another OR, CquiOR73, was more
tuned to phenolic compounds, with eugenol, which is the major
constituent of clover oil and has mosquito repellent activity, being
the best ligand. Lastly, CquiOR44 showed robust responses only to
plant-derived terpenoid compound, particularly fenchone. The
newly de-orphanized ORs might be involved in the detection of
plant-derived kairomones and/or repellents.Acknowledgments
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